The raising interest in THz radiation (loosely defined as the 0.1−10 THz frequency range, 3000 -30 μm wavelength range) and in the related application-oriented issues in everyday life, requires the progressive development of sensitive and performing systems exploiting powerful, stable and coherent sources as well as fast, sensitive and portable photodetectors. These key priorities prompted in the last decade a major surge of interdisciplinary research, encompassing the investigation of different technologies in-between optics and microwave electronics, different physical mechanisms and a large variety of material systems offering adhoc properties to target the expected performance and functionalities. FET THz detectors conventionally operate at RT in the overdamped plasma waves regime (or distributed self-mixing regime) in which THz rectification appears when the electromagnetic ac field, coupled to the source (S) and gate (G) electrodes, simultaneously modulates the carrier density and drift velocity. 10, 11 The resulting current exhibits a continuous (dc) component, whose magnitude is proportional to the intensity of the incoming radiation, and can be measured at the drain (D) contact either in a short circuit (photocurrent mode) or in an open circuit (photovoltage mode) configuration. This mechanism depends on: i) the gate capability to modulate the channel density, i.e. the FET's transconductance (g m ), and ii) the asymmetric feeding of the ac field into the channel. The first condition can be achieved by increasing the gate-to-channel capacitance. For the second condition to be fulfilled, the S and D electrodes must have different geometries or the channel itself conceived to be intrinsically asymmetric.
In this context, a wealth of room-temperature (RT) detection technologies 1 have been recently proposed and implemented, e.g, focal plane arrays (FPA) of microbolometers based on semiconductor or superconductor thermal sensing elements, photoacoustic conversion detectors based on carbon nanotubes 2 and fast nonlinear rectifying electronic components such as Shottky diodes, high-electron-mobility transistors (HEMT) and field effect transistors (FET) 1, 3 exploiting III-V semiconductors, 3 semiconductor nanowires, 4 carbon nanotubes, 5 and more recently bi-dimensional (2D) materials, like graphene. [6] [7] [8] [9] FET THz detectors conventionally operate at RT in the overdamped plasma waves regime (or distributed self-mixing regime) in which THz rectification appears when the electromagnetic ac field, coupled to the source (S) and gate (G) electrodes, simultaneously modulates the carrier density and drift velocity. 10, 11 The resulting current exhibits a continuous (dc) component, whose magnitude is proportional to the intensity of the incoming radiation, and can be measured at the drain (D) contact either in a short circuit (photocurrent mode) or in an open circuit (photovoltage mode) configuration. This mechanism depends on: i) the gate capability to modulate the channel density, i.e. the FET's transconductance (g m ), and ii) the asymmetric feeding of the ac field into the channel. The first condition can be achieved by increasing the gate-to-channel capacitance. For the second condition to be fulfilled, the S and D electrodes must have different geometries or the channel itself conceived to be intrinsically asymmetric. 12 Under this picture, if the electronic properties of a 2D active-channel material are properly engineered, THz radiation may activate over-damped plasma waves, leading to detection that can be a tool to unveil/investigate specific surface states -related plasmonic phenomena.
Topological insulators can be, in this perspective, a very intriguing material platform. [13] [14] [15] [16] TIs are semiconductors in the bulk, while they exhibit metallic conduction at the surface, due to the existence of well-defined topological surface states (TSS). TSS form a Dirac cone around the Γ point and their presence is determined only by the bulk electronic structure, in which the strong spin-orbit interaction produces a symmetry inversion in the band gap order, giving rise to a topologically non-trivial band configuration.
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The activation and exploitation of TSS in an active device is a very demanding task, although one can easily release the ground-breaking potential for a variety of applications, 14, 17, 18, 19 and appealingly, even for light detection: i) the TSS are gapless, enabling charge carrier generation by light absorption over a very wide energy spectrum -including the ultraviolet, visible, near-infrared, mid-infrared, and THz spectral regimeswith a signal-to-noise ratio (SNR), which, via thickness control, can largely exceed that of conventional photo-detecting material (as bulk Hg 1−x Cd x Te) 1 ; ii) the optical and electronic properties can be engineered by playing with the material stoichiometry; 20, 21 iii) the TSS mobility can reach values even larger than graphene due to the topological protection that prevents backscattering effects; 22 vi) with almost the same highabsorbance of graphene, they can exploit a tunable surface band gap which is a major need in optoelectronics; 9 v) the two-dimensional electron gas (2DEG) arising from the TSS of three-dimensional (3D) TIs supports a collective excitation (Dirac plasmon) in the THz range. 23 Presently, TSS have been only revealed via angle-resolved photoemission spectroscopy, 20, 24 Flakes having total length < 2 μm have been selected as active non-linear elements of our FETs, in order to reduce both the parasitic capacitance and the resistances in the un-gated transistor regions. 30 In both cases, the huge hysteresis is ascribed to traps activated inside the oxide layer above the flakes of the TI and at the interface between the two materials.
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A deeper insight on the transport properties is provided by the analysis of the temperature dependence of the device resistance R(T) (see Methods). In the Bi 2 Se 3 flake, R decreases while increasing T ( Fig. 3c ) and in the high-temperature range its electrical behavior can be fully explained in terms of an activated transport regime. For T > 40 K, R(T) follows the Arrhenius law R ∝ exp(Δ/k b T), where k b is the Boltzmann constant and Δ is the activation energy which results to be 37 ± 2 meV from a fit to our data. For T < 20 K, R saturates to an approximately constant value (22 MΩ) (Fig. 3d) ; this suggests that the metallic surface states start to provide a dominant contribution to the overall conductivity. 31 The temperature dependence of the material mobility in the 200 -300 K range follows the power law T -γ , where γ = 1.8 ± 0.2, underlying that the dominant scattering mechanism in the Bi 2 Se 3 flake, at high temperature, is the electronacoustic phonon scattering. 32 To measure the photoresponse we employed a tunable electronic source operating in the 0.265-0.375
THz range (see Methods). According to the Dyakonov-Shur theory, 3, 6 in the case of non-resonant (overdamped) detection, a diffusive model of transport applies (resistive self-mixing regime). 6 The latter predicts a second-order nonlinear response when an oscillating THz field is applied between gate and source.
The photovoltage is then:
where the constant η represents the (antenna-dependent) coupling efficiency of the incoming radiation, 6 σ is the overall channel conductivity, R ch is the total S-to-D resistance and Z L is the (complex) impedance of the readout circuitry. Because of hysteresis effects, photodetection and conductivity were compared for the same In the case of sample A (Fig. 4a) , after an almost flat region, the responsivity R ν (see Methods) decreases while increasing V G , in evident contrast with the overdamped plasma-wave model (inset Fig. 4a ). 10 As already demonstrated in graphene FETs, 6 THz detection in an antenna-integrated FET can be, under specific geometrical conditions, mediated by photo-thermoelectric (PTE) effects occurring along the FET channel when the thermal distribution of carriers at the S is "heated" more efficiently by the incoming radiation due to the asymmetrical antenna design (see inset of Fig. 4c ). As recently demonstrated, 33 TSS in Bi 2 Se 3 can enhance PTE effects. The expected PTE voltage (V PTE ) is proportional to the material Seebeck coefficient (S b ) which, in the case of non-degenerate semiconductors with only one carrier type, is related to the charge carrier density (n) via the relation:
Here A is a constant that depends on the dominating scattering mechanism (A = 2 for acoustic phonons), k B
and h p are the Boltzmann and Planck constants, respectively, q is the carrier charge (q<0 for n-type semiconductors) and σ = neµ. In order to infer the dependence of S (and then V PTE ) from V G , both σ(V G ) and µ(V G ) should be known. At RT and taking into account the small C gc value, combined with the limited gate voltage swing from -10 V to + 10 V, the gate voltage dependence of the material mobility can reasonably be neglected over σ(V G ). Under this approximation, V PTE is then estimated as: (3) where δT el is the electron temperature gradient along the FET channel and the last factor takes into account the loading effects. The gate bias dependence of the ratio V PTE /δT el is shown in Fig.4c . A very good qualitative agreement is found between the measured photovoltage Δu (right vertical axis of Fig.4a ) and the ratio V PTE /δT el (Fig.4c) , from which a channel electron temperature gradient of δT el ~ 100mK can be inferred.
It is worth mentioning that equation (3) does not take into account the possible thermoelectric gate independent shift arising from the ungated regions of the channel. Furthermore, for high positive V G the Seebeck coefficient approaches zero non-asymptotically (the loading term is ~1 well above threshold): this can be related with the charge density increase above threshold, meaning that the FET material channel cannot be treated here as a non-degenerate semiconductor. In the degenerate case, the S b~l n(1/n) dependence of eq. (2) has to be replaced by S b ~ n -2/3 for which the expected asymptotic behavior would hold. 34 Conversely, in sample B (Fig. 4b) , the experimental R ν curve well agrees with the overdamped plasma-wave predictions ( (Fig.   3b ). The comparison with equation (1) (Fig. 4d , left vertical axis) shows an excellent agreement with the theoretical plasma-wave related behavior. Furthermore, by comparing ∆u* (Fig. 4d) and Δu (Fig. 4b) we get Δu/Δu* ~ 0.1, as expected if one considers that ΔI×σ -1 is much less influenced by the loading than the photovoltage, since the former is a purely dc measurement, not affected by the device capacitive reactance. 7 It is worth mentioning that, in such dc configuration, the electrons thermalize more efficiently with the lattice, then reducing significantly the thermoelectric effect. (Figs. 3) , we can retrieve the photovoltage value expected in the resistive self-mixing regime (eq. 1) for samples A (inset Fig. 4a) and B (left vertical axis Fig.   4d ). The comparison shows that, under almost identical coupling conditions (η value, eq. 1), the expected rectified photovoltage is one-order of magnitude larger in sample A than in sample B. If one assumes that the rectification operated by the self-mixing of over-damped radiation-induced charge density waves occurs in the bulk materials, the rectified photovoltage (eq.1) should be more intense in sample A than in sample B.
Conversely, no evidence of plasma-wave detection is visible in sample A. This provides the first experimental indication of plasma-wave detection mediated by TSS in an active TI-based device, and the first optical method to unveil TSS. (Fig. 5d) is not completely full and the quantity of liquid, as well as the air gap in between, is clearly resolved by our THz detector with a remarkable high signal-to-noise ratio SNR ~ 1000, as extrapolated from the comparison between the background signal Δu dark and the recorded photovoltage (Fig.4b) . The achieved results represent a crucial milestone in the road map for TI-based science and technology.
Methods

Growth, material characterization and device fabrication
The polycrystalline samples, synthesized from high-purity starting elements, were placed in a conical-bottom quartz ampoule, which was sealed under vacuum conditions. Before the growth process, the ampoule was held in the "hot" zone (1050 K) of the two-zone tube furnace for 12 h for a complete melting of the composition. Then, the charged ampoule was moved from the "hot" zone to the "cold" zone (~ 900 K) with a rate of 1.0 mm/h. The as-grown crystals, consisting of one large single-crystalline block, were then mechanically exfoliated on a 350 µm thick silicon wafer with a 300 nm thin insulating SiO 2 top-layer.
The AFM mapping has been performed by employing a Bruker system (IconAFM) with thickness resolution < 1 nm and lateral resolution ~20 nm. The Raman spectra of the exfoliated flakes were collected by exciting the samples with the 532 nm line of a Nd-Yag pumping laser with an optical power density of 0. (Fig.1-e) Fig.1-f) the Raman spectrum shows the same set of peaks, but at wavenumbers of 36 cm -1 , 62 cm -1 , 101 cm -1 and 135 cm -1 .
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Transport and optical characterization
The temperature dependence of the resistance of sample A and B has been measured by using a liquid helium cryostat equipped with a calibrated silicon diode as thermometer.
The optical characterization has been performed by focusing the THz frequency beam on a spot of 4 mm diameter at the detector surface by means of a set of f/1 off axis parabolic mirrors and mechanically chopped at 619 Hz. The THz radiation was linearly polarized along the axis of the bow-tie antennas in order to maximize the photoresponse signal. 4 The power of the source (P t ), calibrated as a function of output frequency with a power meter, ranges between 200 μW and 450 μW. In our experiment, a photovoltage-mode (PV) configuration was employed: the S electrode was grounded, V G was set with a Keithley dc generator and Δu was measured at the D electrode with a lock-in amplifier (Fig. 2e) . A low noise voltage pre-amplifier (input impedance = 10 MΩ) with a pass-band filter between 300 Hz and 1 kHz was used in the experiments with gain factor G n = 250 for sample A and G n = 1000 for sample B. From this voltage measurement Δu can be calculated using the equation: 4 where LIA is the voltage read by the lock-in, and the factor π√2/2 is a normalization that takes into account that the lock-in measures the rms of the fundamental sine wave Fourier component of the square wave produced by the chopper.
We preventively measure Δu as a function of frequency by employing the tunable source to identify, in both cases, the antenna resonances: we found that A = 292.7 GHz (P t = 370 μW) (sample A) and B = 332.6 GHz (P t = 330 μW) (sample B) correspond to the highest intensity response peaks that we selected as operating conditions. The responsivity (R ν ) was then determined using the relation R ν = (Δu·S t )/(P t ·S a ), where S t is the beam spot area and S a is the active area of the detector; in the case of sample A, S a is set equal to the diffraction limited area (S λ = λ 2 /4), being the antenna surface smaller than S λ . 4 To assess the THz induced photocurrent we exploited a photoconductive scheme ( 
